In just a few short years, CRISPR/Cas9 genome editing has fundamentally changed basic, agricultural, and biomedical research, but no field has felt a more profound impact than cancer research. The ability to quickly and precisely manipulate the genome has opened the floodgates for a new and more elaborate understanding of how genes and gene regulation influence disease. Here we review how the development and implementation of CRISPR-based technology is redefining the way we study cancer, and ultimately how it may be used to improve treatment outcomes.
INTRODUCTION
Well, there's a lot going on. If you haven't heard of CRISPR, we've got some catching up to do. Literally, CRISPR stands for clustered regularly interspaced short palindromic repeats, a key component of bacterial adaptive immunity. But, as it is better known, "crisper" has caused a revolution in genetic research, ignited fierce competition in biotech and pharmaceutical development, and captured the imagination of the general public in a way few basic science discoveries ever do. For oncology research, CRISPR has been a phenomenon, providing an opportunity to interrogate the cancer genome with unparalleled speed and precision. In this review, we describe the rapid development and application of CRISPR tools over the past five years and explore how innovations in genome editing tools are driving new discoveries in cancer biology, defining the factors that influence oncogenesis, and leading to new opportunities in diagnosis and treatment.
BC: BEFORE CRISPR
Since the development of recombinant DNA technology, targeted manipulation of genes in mammalian cells has been the primary approach for interrogating cell and molecular function. In cancer biology, this proved key to define the functions of oncogenes and tumor suppressors. Initially, genetic manipulation efforts focused on the enforced expression of exogenous complementary DNAs (cDNAs) through plasmid transfection and viral delivery; around the turn of the century, the tool kit expanded to allow the suppression of endogenous gene products through antisense and RNA interference (RNAi) technologies. For many years, it has also been possible to manipulate the epigenome of cells with drugs such as demethylating agents; however, because of the lack of specificity, such approaches are more of a sledgehammer than a scalpel when it comes to dissecting gene function. In the five to ten years leading up to the dawn of the CRISPR era, we witnessed the development and optimization of gene editing tools such as zinc finger nucleases (ZFNs) and TAL effector nucleases (TALENs) , that promised to change the way we study gene function. While the impact of ZFNs and TALENs was less than originally touted, it is hard to know how these technologies could have evolved, as they were quickly overshadowed by CRISPR/Cas9.
A BRIEF HISTORY OF CRISPR
Prior to the publication of three seminal papers in early 2013 (Cong et al. 2013 , Jinek et al. 2013 , Mali et al. 2013 , for most people, CRISPR was the place in the refrigerator where fruit and vegetables went to die. While CRISPR was a focus of intense research for those studying bacterial adaptive immunity (Marraffini & Sontheimer 2010) , few in cancer research had heard of it, and fewer still saw its potential.
The history of CRISPR actually dates back 30 years to 1987, when Nakata and colleagues identified "highly homologous sequences of 29 nucleotides . . . arranged as direct repeats" (Ishino et al. 1987, p. 5432) . In this work, the authors noted that the "the biological significance of these sequences is not known" (p. 5432): the perfect cliffhanger for the sequel that was to come 25 years later. By 2012, CRISPR and CRISPR-associated (Cas) proteins had been well characterized, including the generation of databases and algorithms for finding and cataloging CRISPR sequences (Grissa et al. 2007 ). The biggest leap forward came from the discovery that the RNA component of the CRISPR system could be engineered or programmed to target alternate DNA sequences ( Jinek et al. 2012 ). It did not take long for multiple labs to realize the potential of this system for genome editing in mammals, and soon after, three groups, led by George Church, Jennifer Doudna, and Feng Zhang, described the first iterations of CRISPR/Cas9-based genome editing in human cells (Cong et al. 2013 , Jinek et al. 2013 , Mali et al. 2013 ). The rest, as they say, is history.
CRISPR 101
In bacteria and archaea, CRISPR-based adaptive immunity is a complex system, involving multiple Cas proteins and RNA complexes, and many different subtypes have evolved in different species. In this review, we focus predominantly on the minimal type II CRISPR system, as described by Church, Doudna, and Zhang. This consists of a single (or synthetic) guide RNA (sgRNA) and a protein, Cas9. When expressed together in cells or combined from purified individual components, the resulting ribonucleoprotein (RNP) complex is sufficient to induce targeted DNA alterations in almost any cell type (or cell-free system).
Cas9 is a large DNA endonuclease that induces double-strand breaks (DSBs) through two adjacent catalytic domains. It is targeted to specific regions of the genome by association with an sgRNA that recognizes DNA sequences through Watson-Crick DNA-RNA base pairing (Figure 1 ). Docking and DNA cleavage proceed in a stepwise manner, whereby Cas9-sgRNA complexes first survey the genome for small nucleotide consensus sequences or protospacer adjacent motifs (PAMs), which act as the primary point of contact for the protein. For Cas9 derived from Streptococcus pyogenes (SpCas9), currently the most commonly used in genome editing experiments, the PAM sequence is NGG and-with lower efficiency-NAG. PAM recognition destabilizes the DNA helix adjacent to the PAM, enabling unwinding and recognition of the target sequence by the bound RNA molecule. Single-molecule imaging and binding assays suggest that Cas9-sgRNA complexes are capable of associating tightly with genomic regions that contain 8-9 base pairs (bp) of complementary seed sequence proximal to a consensus PAM, while lack of complementarity immediately adjacent to the PAM promotes rapid dissociation (Singh et al. 2016 , Sternberg et al. 2014 . Given sufficient homology and interaction energy between the Cas9-sgRNA complexes and DNA, the Cas9 nuclease domains mediate PAM-dependent, doublestrand DNA cleavage that is thought to generate a blunt cut. The resulting DSB is either repaired seamlessly by homology directed repair (HDR) (in which case it is likely recut by Cas9) or by error-prone nonhomologous end joining (NHEJ) machinery, which often results in the generation of small indels at the cut site that prevent recleavage by the Cas9-sgRNA complex. Providing a single-stranded or double-stranded DNA template for repair can promote integration of specific alterations or larger transgenic insertions.
From a practical standpoint, the beauty of CRISPR/Cas9 is its simplicity. The straightforward rules that govern DNA recognition enable users to easily design their own CRISPR reagents and, perhaps more importantly, to alter target specificity by changing just a 17-to 20-bp DNA recognition sequence within a larger sgRNA scaffold ( Jinek et al. 2012) . Such is its ease of use, that within a year of initial publication, hundreds of papers described effective CRISPR-based genome editing in diverse organisms, from yeast to humans (Dow 2015) . Indeed, the broad utility and the effectiveness of CRISPR has led to a number of exciting applications outside cancer research, including the modification of plants for improved agriculture (Shan et al. 2013 , Woo et al. 2015 , the generation of gene drives to eliminate disease carriers in insect populations (Gantz et al. 2015 , Hammond et al. 2016 , and possible clinical treatments for monogenic disorders such as muscular dystrophy (Bengtsson et al. 2017 , Long et al. 2016 , Nelson et al. 2016 , Tabebordbar et al. 2016 .
In addition to S. pyogenes, numerous other bacteria and archaea harbor Cas enzymes that are suitable for gene editing in mammalian cells. Among the many that have been tested (Ran et al. 2015) , a few have risen as the go-to alternative systems for genome modification. These are Cas9 from Staphylococcus aureus (SaCas9) (Ran et al. 2015) , Cas12a (or Cpf1) from Acidaminococcus and Lachnospiraceae (Zetsche et al. 2015) , and the RNA-editing Cas13a (C2c2) enzyme from Leptotrichia shahii (Abudayyeh et al. 2016 ). In addition, both SpCas9 and SaCas9 have been extensively modified through molecular evolution to define new enzymes with altered PAM specificity (Kleinstiver et al. Programmable nuclease (e.g., Cas9) sgRNA
CRISPR/Cas9 targeting. Single-stranded guide RNAs (sgRNAs) bind Cas proteins and direct them to target sites on DNA or RNA. Recognition initiates at the protospacer adjacent motif (PAM) and proceeds by Watson-Crick DNA-RNA base pairing through the protospacer (target sequence). Each Cas protein (only some examples are shown) has different requirements for the PAM sequence and some variation in the optimal length of the protospacer [e.g., 20 bp for Cas9 derived from Streptococcus pyogenes (SpCas9) and 21 bp for Cas9 derived from Staphylococcus aureus (SaCas9)]. Engineered variants of SpCas9 (VQR and VRER) and SaCas9 (KKH) have distinct PAM requirements. Target recognition results in endonuclease cleavage within the protospacer at positions indicated by the blue arrows. Dark blue indicates cleavage on the complementary strand. Unlike Cas9, which produces blunt ends, Cpf1 cleavage produces a staggered cut, similar to restriction endonucleases. Cas13a targets RNA molecules and cleaves both targets 5 and 3 of the protospacer target site. 2015a,b), expanding the number of genomic regions that can be targeted with CRISPR systems (Figure 1) .
The widespread adoption of CRISPR tools has created a virtuous cycle of innovation, optimization, and refinement, facilitated by the willingness of the research community to quickly share new CRISPR tools at not-for-profit repositories like Addgene. This shift in technology is reflected in a rapidly growing literature. There is clearly too much CRISPR data to comprehensively review all of the technologies and applications. Instead, we will discuss how CRISPR/Cas9 tools have changed the landscape of cancer research, both in the dish and in the animal, with a particular focus on those aspects of gene regulation and oncogenic transformation that have been challenging or impossible to study with previously existing tools.
PRECISION GENETICS IN THE DISH
For decades, the culture and manipulation of patient-derived cancer cell lines has been the workhorse of cancer research. During this time, defining the impact of specific genes or genetic alterations has been largely restricted to measuring the effect of suppressing a target (through antisense or RNAi), overexpressing a cDNA, or assessing correlations over many genetically profiled lines. While we have learned a great deal about cancer genetics and individual genes from such approaches, none truly recapitulates the events that occur during tumorigenesis. A few labs took on the laborious task of creating isogenic lines by traditional gene-targeting methods (Sur et al. 2009 , Yun et al. 2009 ), but these were rare and restricted to specific cell lines and a small number of genomic targets. Enter CRISPR/Cas9. Off-the-shelf CRISPR tools suddenly made it easy to create individual or multiplexed gene knockout lines .
While mutational disruption of genes is straightforward in most cases, the introduction of specific gene alterations or large transgenic insertions has been less adaptable than originally hoped. Initial studies reported high-efficiency (15% of clones) creation of targeted knock-in alleles in mouse zygotes or embryonic stem cells (ESCs) (Andersson-Rolf et al. 2017 ), but subsequent efforts to manipulate distinct loci in mouse zygotes or to generate isogenic lines by HDR in somatic cells have proven less efficient. This prompted efforts to improve HDR-mediated gene editing in vitro. Many of these strategies have exploited the distinct differences in DNA repair mechanisms that are active in different stages of the cell cycle by synchronizing cells in G2/M phase (Lin et al. 2014 , Yang et al. 2016 or by limiting Cas9 activity to this phase of the cell cycle (Gutschner et al. 2016) , where the enzymes required for HDR are most highly expressed. Others have taken a pharmacologic approach to directly block NHEJ repair and thereby bias toward the use of HDR for DNA repair events (Chu et al. 2015 , Maruyama et al. 2015 , Yu et al. 2015 . In a different approach, Corn and colleagues showed that the use of asymmetric and strand-specific donor DNA templates had a significant impact on the rate of HDR (Richardson et al. 2016) . Each of these methods shows promise, but none has fully solved the problem. What works for one cell type may not work well for another, and what works at one locus may not be true elsewhere. Thus, although CRISPR-based HDR-mediated genome editing is certainly more effective than conventional gene-targeting methods, there is room for improvement.
As an alternate strategy, several groups working in parallel developed fusion proteins that tethered Cas9 to the cytidine deaminases, AID or APOBEC (Figure 2) . Depending on the configuration and positioning of the deaminase, these hybrid proteins enable targeted base substitutions within a narrow (5-10 bp) window (Komor et al. 2016 , Nishida et al. 2016 or more broadly (up to 100 bp) across the target region (Hess et al. 2016 . Early work indicates that such approaches can be used to recreate or repair disease-associated mutations (Komor et al. 2016) or to accelerate gene evolution to prospectively identify drug resistance mechanisms (Hess et al. 2016 . We are in the early days of Cas9-mediated base editing, but the possibilities are exciting and time will tell which systems will be embraced by the research community.
Despite these challenges, there are many successful examples of using CRISPR to create targeted DNA edits, alone or in combination with NHEJ-mediated gene disruption. Several labs have demonstrated the ability to create isogenic induced pluripotent stem cell lines for disease modeling or to perform disease allele correction in primary patient-derived cells (Dever et al. 2016 , Howden et al. 2015 , H.L. Li et al. 2015 , Paquet et al. 2016 , Schwank et al. 2013 , Soldner et al. 2016 , including large chromosomal aberrations . These initial studies have focused on single genetic aberrations, but CRISPR/Cas9 technology is particularly well suited to engineer and study the complex genetic configurations observed in human cancers. Two elegant studies (Drost et al. 2015 , Matano et al. 2015 reported the sequential genome editing of wild-type human colon organoids to recapitulate the proposed Vogelgram of stepwise accumulated mutations in colorectal cancer (Fearon & Vogelstein 1990) . For this, the authors induced both loss-of-function indels and HDR-mediated oncogenic point mutations that could be isolated through the targeted withdrawal of growth factors or the use of pathway inhibitors. Sato and colleagues also showed Nonendonuclease functions of CRISPR/Cas9 complexes. High-fidelity target recognition by CRISPR/Cas complexes provides an opportunity to manipulate and measure gene regulation in different ways. Gene expression can be immediately controlled by directly or indirectly tethering Cas9 to transcriptional activation (VP64) or repression (KRAB) domains. Local DNA methylation or histone modifications can be altered by associating Cas9 with various epigenetic regulators (e.g., TET or DNMT3). Fusion with cytidine deaminases AID or APOBEC allows the induction of specific single nucleotide bases changes, while linking Cas9 with fluorescent reporters or biochemical tags provides a means to localize specific DNA sequences within living cells or perform specific biochemical assays.
that CRISPR could be adapted to engineer large knock-in, lineage-tracing cassettes to primary human tumor organoids, providing an unprecedented level of genetic flexibility (Shimokawa et al. 2017) . While the efficient selection approaches described in these studies may not be applicable to all situations, this work is a powerful illustration of the capabilities of CRISPR for interrogating the cancer genome in primary human cells.
DESIGN, REFINE, AND REPEAT
Refinement and optimization of CRISPR systems continue at breakneck speed. From a mutagenesis perspective, the focus is on potency and specificity. The availability of genome-scale screening data has gone a long way to defining sequence features that mediate efficient CRISPR cutting across different cell types, and there are now numerous online tools that predict sgRNA potency. But potency is only one part of the equation when considering the efficiency of gene disruption. Because DNA repair following Cas9-mediated cleavage is somewhat random, even the most effective sgRNA designed to disrupt a protein-coding gene will induce loss-of-function frameshift mutations only two-thirds of the time; the remaining are in-frame insertions or deletions that may or may not disrupt protein function. While individual sgRNAs may show bias in the types of repair events (van Overbeek et al. 2016) , the chance of generating biallelic loss-of-function events in the absence of selective pressure is, on average, less than 50%. This is particularly problematic when using pooled libraries for dropout screens, where the investigators are interested in finding sgRNAs that are depleted rather than enriched. To overcome this limitation, Vakoc and colleagues described an approach that targets functional or evolutionarily conserved protein domains, under the assumption that such regions are essential for protein function (Shi et al. 2015) . They showed that distinct sgRNAs that target the same (essential) gene can have dramatically different outcomes in polyclonal populations, but those focused on critical domains reproducibly drive loss-of-function phenotypes. We expect that researchers will adopt approaches like this in the development of future sgRNA prediction tools and large-scale libraries to further improve the generation of gene knockouts using CRISPR/Cas9.
The final, but equally important, part of the problem is specificity. Computational prediction and experimental evidence (Fu et al. 2013 (Fu et al. , 2014 Kleinstiver et al. 2016b; Perez et al. 2017; Tsai et al. 2015) highlight the promiscuity of some sgRNA sequences throughout the genome, which can induce localized indels at off-target sites or even drive unintended chromosomal rearrangements (Perez et al. 2017 . Improved computational pipelines provide an option to eliminate troublesome sgRNAs and are particularly useful when there are many possible sgRNAs to choose from. However, in cancer research, target mutations are often dictated by their prevalence in human disease, and it is important to model specific hot spot mutations, regardless of whether a high-confidence sgRNA is available. To more broadly increase CRISPR specificity, two groups have independently developed high-fidelity Cas9 variants through rational design and screening mutagenesis (Kleinstiver et al. 2016a , Slaymaker et al. 2016 . Slaymaker and colleagues iteratively tested mutations at positively charged residues within the DNA binding groove, with the goal of weakening nonspecific interactions between Cas9 and the target, while Kleinstiver and colleagues focused on disrupting the interaction of Cas9 with the phosphate backbone of the target DNA strand. Both developed Cas9 variants showing improved specificity against a range of selected targets, although off-target activity was not completely eliminated at all sites. Furthermore, in some of the reported cases (Kleinstiver et al. 2016a , Slaymaker et al. 2016 , and in our experience, improved specificity came at the cost of reduced potency against the intended genomic target. While in some settings such a trade-off can be acceptable (for example, when individual clones can be easily isolated), it is not acceptable when highly efficient on-target editing is needed-for example, with pooled dropout screens or in vivo gene therapy approaches. Despite these current limitations, we expect future optimization and refinement of these high-fidelity variants will provide powerful gene editing resources.
THE SCREEN IS DEAD, LONG LIVE THE SCREEN
At the dawn of this century, following the publication of the first draft of the human genome, oncology research was transformed by the idea of functionalizing the cancer genome using focused and genome-wide genetic screens. The technology du jour enabling such a large-scale challenge was RNAi, and it led to the identification of hundreds of disease-associated alleles and potential drug targets through negative selection and synthetic lethality screens. However, due to the pervasive presence of off-target effects associated with RNAi, as well inherent limitations of using cancer cell lines, many of these findings have translated poorly in vivo. As a consequence, the field was hungry for a new technology, and CRISPR fit the bill. The modular cloning pipeline and simple nature of sgRNA design lent itself perfectly to library production, and the first genome-wide CRISPR screens proved highly successful (Shalem et al. 2014 . Unlike short hairpin RNA-driven gene knockdown, which induces different levels of gene silencing for each specific sequence, CRISPR provided a binary readout (mutant versus not mutant), produced consistent www.annualreviews.org • Modeling Cancer in the CRISPR Eraresults between distinct sgRNAs, and displayed high signal-to-noise ratio. Over the past few years, CRISPR screens have been used to identify new tumor-suppressor genes (Chen et al. 2015 , Katigbak et al. 2016 , define genes and pathways that lead to drug resistance (Kurata et al. 2016 , Shalem et al. 2014 , direct druggable targets (Munoz et al. 2016 , Shi et al. 2015 , Steinhart et al. 2017 , and more recently, explore the factors that mediate immune cell function ( Jaitin et al. 2016 , Parnas et al. 2015 . CRISPR screening can be so effective that four groups recently described the ability to combine pooled screens with single-cell transcriptomics (Adamson et al. 2016 , Datlinger et al. 2017 , Dixit et al. 2016 , Jaitin et al. 2016 , allowing complex phenotypic screens that go beyond the routine readouts of cell proliferation, death, and reporter gene expression.
CRISPR has not only improved screening capabilities, it has opened new doors for genetic analysis. Particularly useful is the possibility to generate arbitrary genomic deletions by using pairs of sgRNAs flanking the genomic feature under investigation. Combined with strategies to generate large libraries of sgRNA pairs (Vidigal & Ventura 2015) , CRISPR provides an unprecedented opportunity to interrogate both noncoding RNAs and nontranscribed regions of the genome. For example, Zhu et al. (2016) developed a paired sgRNA library to induce targeted deletion of long noncoding RNAs (lncRNAs) and, through this, implicated nine distinct lncRNAs in regulating proliferation in cancer cell lines. In addition, multiple studies have adapted CRISPR libraries to decode the functional regions of enhancer elements. Because of the vast sequence space of the noncoding genome and the number of possible CRISPR target sites, these types of screens require some biological rationale to focus the libraries. For instance, Canver et al. (2015) used an sgRNA tiling approach across DNase hypersensitive sites implicated in regulation of fetal hemoglobin from GWAS studies. Agami and colleagues narrowed their search using p53 or estrogen receptor α ChIP-seq (chromatin immunoprecipitation sequencing) data, in combination with known chromatin marks, and predicted binding motifs (Korkmaz et al. 2016 ), while Sanjana et al. (2016) focused a tiled library around three genes previously implicated in BRAF inhibitor resistance in an exploratory search for noncoding elements that could impact therapy response. On the flip side, the nature of CRISPR-mediated mutagenesis also provides an unexpected advantage; the somewhat random nature of DNA repair following Cas9 cleavage at specific sites creates its own library of genomic lesions. Targeted deep sequencing of indel frequencies in specific loci can provide base pair resolution of functional elements that regulate gene expression (Canver et al. 2015) .
In sum, CRISPR is proving to be a game changer for functional genomics. The ability to consistently identify essential genes across multiple independent experiments with genome-scale libraries leads many to believe that current CRISPR tools are capable of true saturating genetic screens. Have we entered a world without false negatives? The answer right now is most likely "no," but if we have learned anything from the CRISPR revolution, it is to never say never.
TEACHING THE NEW DOG OLD TRICKS
Cancer is more than just a collection of mutations. Cancer cells show widespread changes to transcriptional and epigenetic networks that are critical for the tumorigenic phenotype. However, interrogating these effects is not always easy. Driving enforced expression of particular genes relies almost exclusively on the introduction of cDNA constructs, and in the era before CRISPR, there were few ways, if any, to target epigenetic mediators. This radically changed with the realization that Cas9-sgRNA complexes could act as homing beacons to specific genomic regions and with the subsequent emergence of many new CRISPR-derived technologies to activate and inhibit endogenous gene transcription, control the chromatin landscape, and localize DNA mutagens for precise base editing (Figure 2 ).
Transcriptional Regulation
As discussed above, Cas9 proteins have two critical functions: (a) to bind the sgRNA that determines genomic targeting and (b) to cleave the target DNA. The realization that disrupting the nuclease activity of Cas9 (through specific mutations in the two endonuclease domains) does not alter binding to the genomic target led to a range of applications beyond DNA cleavage (reviewed in detail by Dominguez et al. (2016) . For example, fusions of nuclease dead Cas9 (dCas9) to VP64 via transcriptional activation (CRISPRa) or to KRAB via transcriptional interference (CRISPRi) domains was used to control expression of endogenous genes . Similarly, localizing the Cas9-sgRNA complex to gene bodies was shown to be sufficient to disrupt transcriptional elongation (Qi et al. 2013 ). Since targeting specificity in this system, like with regular Cas9, is driven only by the sgRNAs, multiple labs quickly produced large libraries for functional genetic screens (Gilbert et al. 2014 , Konermann et al. 2015 . On the face of it, such libraries closely resemble RNAi and cDNA or open reading frame (ORF) libraries that have been used extensively for genetic screens; however, CRISPR-mediated tools have some important differences. First, CRISPRa libraries are easier to generate than ORF-based systems due to the small, consistent size of the sgRNAs. Second, CRISPRi and CRISPRa act directly on the endogenous gene, preserving other regulatory elements such as 5 and 3 untranslated regions. The direct control of transcription is also a key feature of CRISPRi, as it provides a means to suppress expression of not only protein-coding genes, but also miRNAs , Zhao et al. 2014 ) and lncRNAs (Liu et al. 2017) , which had proven challenging with RNAi-based tools. Of course, CRISPRa and CRISPRi are not without drawbacks: Both systems depend on appropriate positioning of the sgRNA-Cas9 complex at the transcription start site (Radzisheuskaya et al. 2016) . Given the complex regulation of some genes by multiple or lineage-dependent transcription factors, what works in one cell type may not work in another. Defining these rules will require a lot more data.
Epigenome Regulation
The development of dCas9 has also enabled targeted epigenetic editing. For instance, specific dCas9 fusions can enable the targeted histone demethylation (dCas9-LSD1) (Kearns et al. 2015) and acetylation (dCas9-p300) (Hilton et al. 2015) , as well as the methylation (dCas9-DNMT3A), and demethylation (dCas9-TET) of DNA , Vojta et al. 2016 (Figure 2) . To date, most of these studies have provided proof-of-concept without major biological insights, but the approach clearly has wide-ranging applications. For example, targeted methylation of CTCF binding sites can disrupt DNA looping and alter gene expression in neighboring regions ). More standard CRISPR tools have also been adapted to manipulate gene expression by repositioning regulatory elements. In an elegant set of experiments, pairs of sgRNAs were to invert or delete genomic regions that dictate topologically associated domains (TADs) and show that disruption of three-dimensional chromatin interactions has a significant impact on developmental patterning (Lupianez et al. 2015 ). Although we have yet to see application of CRISPR-based epigenome editing in cancer cells, these tools will clearly improve our understanding of the role of epigenetic alterations in tumorigenesis and therapy response. In vivo genome editing with CRISPR. CRISPR-based modifications can be engineered in the germ line of mice, such that each cell carries the mutation or is introduced into somatic tissues of the adult animal. Somatic genome editing can be achieved by delivering CRISPR vectors (as naked DNA or viruses) to target tissues or by generating transgenic mice that carry all or some of the required CRISPR components. While each strategy has strengths and weaknesses (some examples are listed on the right), cancer modeling usually requires the generation of mosaic or tissue-restricted genomic alterations that are only achievable by somatic CRISPR strategies. Abbreviations: ESC, embryonic stem cell; F1, first filial generation; HDR, homology directed repair.
IT'S ALIVE!: IN VIVO APPLICATIONS OF CRISPR-Cas SYSTEMS
knockout, and knock-in strains (Bouabe & Okkenhaug 2013 , Capecchi 2005 . Although these traditional approaches have been substantially improved over the years and remain essential tools for cancer researchers, their intrinsic limitations (they are time consuming, costly, and technically complex) make them less useful to systematically interrogate the increasing number of cancerassociated mutations that are being identified in human cancers. The development of CRISPR technology has greatly simplified the generation of targeted mutations in model organisms and expanded the options available to cancer researchers, allowing for the first-time experiments that until a few years ago would have been either impossible or prohibitively complex. Here, we focus on studies using the laboratory mouse, but many of these ideas can be applied to other model organisms (Guo et al. 2014 , Jao et al. 2013 , Niu et al. 2014 , Wan et al. 2015 . Broadly speaking, in vivo applications of the CRISPR/Cas system fall into two categories: germ line genome editing and somatic genome editing (Figure 3) , each with its unique advantages and limitations.
GERM LINE GENOME EDITING: REALITY VERSUS HYPE
Germ line genome editing allows the generation of animals harboring the desired genetic modification in every cell. A quick way of doing this is by injecting sgRNA targeting the desired genes and the mRNA encoding Cas9-or by delivering the preassembled RNP-into pronuclear stage, one-cell embryos, which are then implanted in the uterus of a pseudopregnant female . Using this strategy, Wang and colleagues reported biallelic inactivation of the target gene in up to 95% of newborn mice.
This strategy is not limited to generating inactivating mutations. Much more specific alterations can be seamlessly generated by providing an appropriate donor template and taking advantage of HDR-mediated genome editing. For example, co-injection of a short DNA oligonucleotide carrying the desired genetic modification can be used to introduce point mutations , loxP sites, and short epitope tags , while larger fragments such as fluorescent proteins can be added to a gene of interest by injecting plasmid DNA as a donor template .
Although editing one-cell embryos has proven generally effective and allows for scarless editing of the genome-no selection marker is needed-the initial parent (F0) generation needs to be screened for founders with the desired genotype, with no guarantee of success. In addition, the process's initially reported high success rate has not proven universal, especially with respect to HDR-mediated gene editing, and several groups have shown high rates of somatic mosaicism for the desired genetic modification in F0 animals (Oliver et al. 2015 , Yen et al. 2014 ).
An appealing way to overcome these limitations is to edit murine ESCs rather than one-cell embryos. With this approach, many ESC clones can be screened to identify those harboring the desired genetic change, and selected clones can then be extensively characterized in vitro or subjected to additional rounds of mutagenesis before being used to generate the edited animals (Figure 3) .
A significant advantage of germ line genome editing over conventional gene-targeting strategies is the ability to multiplex, that is, performing simultaneous and biallelic editing of multiple loci , Yin et al. 2015 . Although the risk of also hitting off-target loci increases with the number of gRNAs injected, this strategy has been successfully used to inactivate entire gene families in mice in a single experiment ).
IN VIVO SOMATIC GENOME EDITING
CRISPR has certainly simplified and accelerated the generation of genetically engineered animal models, but it is the field of somatic mutagenesis that has been most profoundly revolutionized by the development of programmable endonucleases. The ability to generate specific somatic mutations in vivo in only a subset of cells of an organism is the Holy Grail for cancer researchers, enabling researchers to model the stochastic nature of cancer initiation and progression in the most physiologic context possible.
In its simplest implementation, in vivo somatic genome editing consists in delivering a programmable endonuclease (typically spCas9) and the desired gRNAs to the tissue of choice. This strategy can be used to somatically inactivate classic tumor-suppressor genes, but it can also be adapted to identify genes essential for cancer progression and potential therapeutic targets.
Somatic Gene Inactivation to Model Cancer
Multiple strategies have been developed to deliver the Cas9/gRNA complexes to somatic cells in mice and to model cancer (Figure 3) . The liver appears to be the easiest tissue to reach, and efficient gene editing and generation of liver cancers can been achieved by hydrodynamic tail vein injection of naked plasmid DNA encoding Cas9 and the gRNA or by tail vein injection of recombinant adenoviral vectors . Delivery of naked DNA also works well in the pancreas (Maresch et al. 2016) and in the brain, where medulloblastomas and gliomas have been engineered by in utero electroporation or in situ transfection of Cas9/gRNAexpressing plasmids, respectively (Zuckermann et al. 2015) . More recently, somatic editing of postmitotic neurons has been achieved by direct intracranial injection of Cas9 RNPs (Staahl et al. 2017) , although this method has not yet been used to model brain tumors.
The lung is another success story for in vivo somatic genome editing, showcasing the power of combining this technology with the wide array of already available genetically engineered mouse strains to recapitulate the genetic complexity of human cancers. Pioneering this strategy, the Jacks laboratory used a lentiviral vector encoding Cas9/gRNA and the Cre recombinase to infect the lungs of Kras LSL-G12D ;p53 fl/fl mice and to test the consequence of CRISPR-mediated disruption of three tumor-suppressor genes (Nkx2-1, Apc, and Pten) on the pathogenesis of lung adenocarcinomas (Sanchez-Rivera et al. 2014 ). Subsequently, other researchers developed similar strategies to study cooperating genetic events in mouse models of pancreatic (Chiou et al. 2015 , Maresch et al. 2016 ) and breast cancer (Annunziato et al. 2016) .
As these examples illustrate, in vivo gene editing is ideal for modeling tumor development in mice by introducing specific mutations somatically; however, the efficiency and simplicity of CRISPR also provides an appealing tool for high-throughput in vivo studies in which hundreds or thousands of mutations can be studied in parallel. The ability to screen directly in whole organisms for novel synthetic lethal interactions and cancer dependencies-overcoming the intrinsic limitation of cell-based studies-could prove revolutionary, and it is likely that we will soon see more drug target screens performed directly in vivo, within a functional tumor microenvironment.
Generation of Chromosomal Rearrangements
The reach of in vivo somatic genome editing extends beyond simple gene inactivation, enabling experiments previously unthinkable. Perhaps the most striking example is the in vivo somatic engineering of chromosomal rearrangements, a class of cancer-associated mutations that had proven difficult to model using conventional gene-targeting strategies (Maddalo & Ventura 2016) . By simultaneously expressing two distinct gRNAs targeting the desired breakpoints, researchers can induce specific chromosomal rearrangements with low but detectable frequency. Using this strategy, large deletions, inversions, duplications, and even reciprocal translocations can be generated in cells and, more importantly, in vivo (Blasco et al. 2014 , Choi & Meyerson 2014 , Ghezraoui et al. 2014 , Lekomtsev et al. 2016 , Lupianez et al. 2015 , Maddalo et al. 2014 , Spraggon et al. 2017 , Vanoli et al. 2017 .
First applied to generate a mouse model of non-small-cell lung cancer driven by the EML4-ALK chromosomal inversion (Blasco et al. 2014 , Maddalo et al. 2014 , this strategy has been successfully adapted to model chromosomal rearrangements in the liver (Y. , the brain (Cook et al. 2017) , and the intestine (Han et al. 2017) . These initial studies have focused on modeling gene fusions or on generating rearrangements directly involving tumor-suppressor genes, but we expect that CRISPR-based in vivo somatic chromosomal engineering will have an even greater impact in characterizing the oncogenic potential of chromosomal aberrations that only indirectly affect the expression of cancer genes, for example, by altering the structure and extension of TADs and promoting aberrant gene-enhancer interactions (de Wit et al. 2015 , Guo et al. 2015 .
THE LURE OF HOMOLOGY DIRECTED REPAIR-MEDIATED SOMATIC GENOME EDITING
As discussed in previous sections, if a suitable donor template is provided, programmable endonucleases can be used to enhance the efficiency of gene targeting by HDR, allowing scarless generation of virtually any genetic modifications. Translating this to the context of adult animals, however, has proven challenging. In adult mice, the liver seems to be the most tractable organ, where delivery of CRISPR-Cas9 and a donor template has been used to mutate four phosphorylation sites in the β-catenin gene or to repair the phenylalanine hydroxylase gene in a mouse model of hereditary tyrosinemia . The efficiency of HDR in this context, however, is rather low. For example, in the tyrosinemia experiment, the mutant Fah gene was repaired in less than 0.5% of hepatocytes, and phenotypic correction was possible only because the repaired hepatocytes had a strong selective advantage.
CRISPR-mediated HDR has also been used to generate an oncogenic mutation in Kras in the lung of adult mice, but the efficiency of the process seems even lower in this context (Platt et al. 2014) . The technical challenge of simultaneously delivering not only the Cas enzyme and the gRNA, but also a sufficient amount of HDR template, could in part explain this discrepancy in efficiency between ex vivo and in vivo CRISPR-mediated HDR, but it is probably more important that HDR is largely restricted to cells in the S/G2 phase of the cell cycle, which are only a small fraction of most adult tissues. Devising strategies to improve the efficiency of HDR in vivo is an area of intense investigation, and the success or failure of these efforts will have a major impact on cancer modeling and gene therapy. However, even if in vivo gene editing by HDR proves unfeasible, alternative strategies that do not rely on HDR, such as base editing with AID or APOBEC tethered to dCas9 (discussed above), could soon enable the precise editing of individual nucleotides in vivo.
IN VIVO SOMATIC GENOME EDITING MADE EASIER
The ability to generate site-specific mutations and chromosomal rearrangements in a mosaic fashion in adult animals is inarguably as close as it gets with respect to modeling cancer initiation and progression. Key to the widespread application of this strategy, however, is the availability of methods to efficiently deliver the Cas/gRNA complex to the tissue of interest. In practice, despite remarkable successes in the liver, lung, pancreas, breast, and brain, not every tissue can be transduced with recombinant viruses, and the relatively large size of Cas9 and other programmable endonucleases limits the investigator's choice to delivery systems that accept large payloads. Furthermore, ectopic expression of Cas enzymes in immunocompetent mice can elicit a significant immune response ) that might complicate the interpretation of such experiments.
An elegant way to overcome these limitations is to have mice endogenously expressing the programmable endonuclease (Chiou et al. 2015 , Platt et al. 2014 . At the time of this writing, mice harboring Cre-inducible (Chiou et al. 2015 , Platt et al. 2014 ) and doxycyclineinducible SpCas9 alleles have been generated and used to model cancers in the lung, brain, pancreas and intestine. Additional mouse strains expressing programmable endonucleases recognizing different PAMs, and even specialized Cas enzymes for base editing and transcriptional regulation, will likely soon be available to the scientific community. In addition to avoiding the anti-Cas immune response and enabling the use of a wider range of viral and nonviral delivery systems for the sgRNAs, these strains address legitimate biosafety concerns raised by the use of viral vectors containing Cas9 and sgRNAs.
Although somewhat less physiologic than direct in vivo somatic genome editing, ex vivo editing of isolated stem/progenitor cells or of murine organoids followed by orthotopic implantation into syngeneic immunocompetent animals offers another appealing alternative to model cancer in mice. This approach has been used to model hematologic malignancies (Heckl et al. 2014) , gliomas (Cook et al. 2017) , and colorectal cancers (O'Rourke et al. 2017 , Roper et al. 2017 ) and www.annualreviews.org • Modeling Cancer in the CRISPR Eraoffers the significant advantage of being more easily scalable to interrogate a large number of mutations in parallel.
FROM BACTERIA, TO BENCH, TO BEDSIDE
The biotechnology and pharmaceutical sector has been whipped into a frenzy over the potential therapeutic opportunities of precise gene editing. Numerous new companies have emerged with CRISPR therapies as a primary focus, and most large pharmaceutical entities have CRISPR in their drug development pipeline. From a translational perspective, CRISPR offers an exciting alternative to traditional gene therapy approaches. Whereas most previous strategies involved the introduction of a wild-type gene via viral transduction, CRISPR could allow the correction of disease-causing mutations in situ or in patient-derived cells for autologous transplant. While effective delivery is still a significant hurdle, where this approach shows real and immediate promise is in the management of (often life-threatening) monogenic disorders that can be ameliorated by restoring partial function to the affected tissue. For instance, numerous groups provided proofof-concept evidence that correction of mutations the Dystrophin gene, which cause muscular dystrophy, can induce at least partial phenotypic reversal in mice (Bengtsson et al. 2017 , Long et al. 2016 , Nelson et al. 2016 , Tabebordbar et al. 2016 . In cystic fibrosis, it is feasible that defects in multiple affected organs (lungs and intestine) could be treated using in situ or through ex vivo autologous editing (Schwank et al. 2013) .
There are many more preclinical examples of preclinical disease gene correction, although few that target cancer. This is for obvious reasons, as just a few escaping cells can lead to tumor relapse. Similarly, it is likely that any therapy that directly targets the genome of cancers would be prone to resistance, and cells need only mutate the precise recognition site(s) of the sgRNA. Yet, as CRISPR has repeatedly reminded us over the past five years, anything is possible. If in situ delivery were significantly optimized, CRISPR therapies might provide clinical benefit for patients with familial cancer-prone syndromes, such as familial adenomatous polyposis or PeutzJacob disease. Still, given the vast number of cells in the target issues that would need to be altered, any such approaches are unlikely to be curative. One unique and recently reported use of CRISPR for targeting cancer cells takes advantage of tumor-specific sequence motifs created following oncogenic gene fusions to deliver suicide genes to tumor cells.
Perhaps the most promising use of CRISPR for cancer therapeutics is in the production of chimeric antigen receptor (CAR)-T cells. CAR-T cells are effector lymphocytes engineered to express a receptor for target antigens present on tumor cells, such as CD19 for B cell malignancies (Kochenderfer & Rosenberg 2013) . CAR-T therapies have shown immense promise in clinical trials and will likely soon gain approval from the US Food and Drug Administration. However, almost all efforts to date have been developed using viral or transposon-mediated insertion of the CAR, which can result in variegated transgene expression. Sadelain and colleagues recently showed that using CRISPR to precisely insert a CAR into the TRAC locus provides a more uniform expression of the CAR, as well as overall increased and sustained antitumor activity in animal models (Eyquem et al. 2017) .
CRISPR may also find a somewhat unconventional home in clinical cancer treatment as a diagnostic tool. For instance, Pardee et al. (2016) used CRISPR tools into enable sequence-specific detection of distinct viral strains. Others have shown that the Cas13a enzyme (formerly known as C2c2), through its RNA endonuclease activity, can be adapted to detect very small amounts of cellular transcripts for sensitive detection of specific RNA species (East-Seletsky et al. 2016 , Gootenberg et al. 2017 . The unique feature of Cas13a is that sequence recognition initiates a feed-forward cascade of nuclease activity that can be harnessed to develop detection tests with attomolar sensitivity. Where this could have a major impact on cancer diagnosis and treatment is in the detection of very low levels of circulating or excreted (e.g., sputum, feces) tumor-specific DNA. Early detection of new and relapse tumors can have a significant influence on the ultimate clinical outcome for patients, and there are major efforts underway to follow tumor response and relapse through cell-free DNA (Abbosh et al. 2017 , Jamal-Hanjani et al. 2017 . Thus, ultimately, CRISPR technologies could play a key role in screening, diagnosis, treatment, and follow-up for cancer patients.
THE FUTURE IS NOW
The speed with which the genome editing field has progressed over the past few years is mind boggling: Just between 2013 and the first half of 2017, well over 5,000 papers with the keyword CRISPR in the title or abstract have been indexed in Pubmed. Indeed, it is virtually impossible to write a comprehensive review on such a rapidly moving field, not only because space constraints restrict the depth to which some applications can be covered, but also because, at the current pace, by the time this review goes to press, countless additional developments and improvements will surely have been made.
Although every aspect of biomedical research is benefitting from this technological revolution, no field of inquiry is impacted more profoundly than cancer research. The ability to interrogate the cancer genome with unprecedented precision and speed, combined with the exponential increase in sequencing power and computational analysis, is radically changing the way we understand, study, and treat human cancers. Here, we have provided a taste of what we feel are not only the most promising and innovative applications of genome editing to cancer research, but also the limitations that must be overcome. We hope we have succeeded in sharing our enthusiasm for this field and our conviction that the future of cancer research is now! DISCLOSURE STATEMENT
